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Abstract. We present Cluster and Double Star-1 (TC-1) ob-
servationsfromaclosemagneticconjunctionon8May2004.
The ﬁve spacecraft were on the dawnside ﬂank of the mag-
netosphere, with TC-1 located near the equatorial plane and
Cluster at higher geographic latitudes in the Southern Hemi-
sphere. TC-1, at its apogee, skimmed the magnetopause for
almost 8h (between 08:00–16:00 UT). Flux Transfer Events
(FTEs), moving southward/tailward from the reconnection
site, were observed by TC-1 throughout almost all of the pe-
riod. Cluster, travelling on a mainly dawn-dusk trajectory,
crossed the magnetopause at around 10:30 UT in the same
Magnetic Local Time (MLT) sector as TC-1 and remained
close to the magnetopause boundary layer in the Southern
Hemisphere. The four Cluster spacecraft observed FTEs for
a period of 6.5h between 07:30 and 14:00 UT.
The very clear signatures and the ﬁnite transverse sizes
of the FTEs observed by TC-1 and Cluster imply that, dur-
ing this event, sporadic reconnection occurred. From the
properties of these FTEs, the reconnection site was located
northward of both TC-1 and Cluster on the dawn ﬂank of
the magnetosphere. Reconnection occurred between draped
magnetosheath and closed magnetospheric ﬁeld lines. De-
spite variable interplanetary magnetic ﬁeld (IMF) conditions
and IMF-Bz turnings, the IMF clock angle remained greater
than 70◦ and the location site appeared to remain relatively
stable in position during the whole period. This result is in
agreement with previous studies which reported that the day-
side reconnection remained active for an IMF clock angle
greater than 70◦. The simultaneous observation of FTEs at
both Cluster and TC-1, separated by 2h in MLT, implies that
the reconnection site on the magnetopause must have been
extended over several hours in MLT.
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1 Introduction
Magnetic reconnection between magnetospheric and inter-
planetary magnetic ﬁelds (IMF) is a commonly accepted pro-
cess, allowing transfer of energy and momentum from the
solar wind to the magnetosphere. Many models and observa-
tions have shown different possible topologies for this pro-
cess. Reconnection can occur between strictly anti-parallel
ﬁeld lines, at the nose of the magnetopause during dominant
southward IMF (Dungey, 1961; Crooker, 1979; Lockwood
et al., 1990). In addition, as a consequence of the IMF drap-
ing, magnetopause reconnection may also occur on the lobes
during dominant northward IMF (Dungey, 1963; Maezawa,
1976; Gosling et al., 1991) or on the ﬂanks during periods
of dominant azimuthal IMF component (Phan et al., 2000,
2001; Marcucci et al., 2000). Component reconnection be-
tween magnetic ﬁelds with a relatively low shear can also
occur almost everywhere on the dayside magnetopause (Son-
nerup, 1974; Chandler et al., 1999). Indeed, observations of
component reconnection equatorward of the cusp have been
reported during periods of northward IMF (Fuselier et al.,
2000). Moreover, the coexistence of high-latitude (lobe) and
low-latitude reconnection sites has been observed (Sandholt
et al., 1998; Pitout et al., 2002). Finally, simulations by
Berchem et al. (1995) and recent observations by Vaisberg
et al. (2004) suggested the possible existence of multiple X-
lines forming isolated magnetic ﬂux ropes on the dayside, as
well as on the ﬂanks of the magnetopause, for various IMF
conditions. These results support the multiple reconnection
lines model of Lee and Fu (1985).2878 A. Marchaudon et al.: Double Star and Cluster FTEs observations
The reconnection process is very complex. In particular,
the large-scale spatial and temporal nature of the reconnec-
tion is still poorly understood. Various observations from
satellites and/or ground-based stations have shown that a re-
connection line can be stable and extended, by up to 40RE,
along the magnetopause (Milan et al., 2000; Phan et al.,
2000, 2001; Pinnock et al., 2003), especially during stable
IMF conditions. However, how the reconnection line evolves
during variable IMF conditions remains an important ques-
tion. A large number of studies have shown that reconnection
is essentially a sporadic phenomenon, forming small-scale
ﬂux tubes called ﬂux transfer events (Russell and Elphic,
1978; Pinnock et al., 1995; Bosqued et al., 2001; Owen et al.,
2001). The question of whether reconnection has an intrinsic
sporadic nature, or whether it is controlled by internal mag-
netospheric conditions (Russell et al., 1997) or by variable
IMF conditions (Lockwood and Wild, 1993), is still open.
SomeauthorshaveshownthatduringverysteadyIMFcondi-
tions, reconnection can occur continuously, but at a variable
rate (Gosling et al., 1982; Phan et al., 2000, 2001, 2004).
We thus need to develop an understanding of how vari-
ations of the IMF and/or magnetospheric conditions can
change the topology and the properties of magnetopause re-
connection. Measurements from several satellites located on
different parts of the magnetopause, together with associated
ground-based observations and simulations, will be needed
to answer this question. As an initial example of this type of
study, Wild et al. (2005) investigated simultaneous observa-
tions of FTEs by both Geotail and Cluster, located, respec-
tively, at low- and high-latitudes on the magnetopause, and
inferred the magnetopause reconnection geometry. In this
paper, we study an excellent conjunction between Cluster
and Double Star-1 on 8 May 2004. The ﬁve spacecraft were
all located in the Southern Hemisphere and simultaneously
observed FTEs over a period of several hours. The different
parts of the magnetopause probed by Cluster (high-latitude)
and Double Star-1 (near-equatorial latitude) and the use of
Cluster multi-spacecraft analysis allow us to develop an un-
derstanding of the reconnection geometry on the dawn ﬂank
magnetopause during this period and to document the effect
of variable IMF conditions.
2 Instrumentation
Cluster has an elliptical polar orbit with a perigee of ∼4RE,
an apogee of ∼19RE and a period of ∼58h. Double Star-
1 (TC-1) has an elliptical equatorial orbit with a perigee of
∼0.1RE, an apogee of ∼12RE and a period of ∼14h. In
this study, data from several plasma and ﬁeld experiments on
the Cluster and Double Star satellites are used. The Plasma
Electron and Current Experiment (PEACE) (Johnstone et al.,
1997; Fazakerley et al., 2005) provides the electron velocity
distribution every 4s (spacecraft spin period), in the energy
range from 0.7eV to ∼30keV. Moments of the full three-
dimensional distribution are obtained with a resolution up to
4 s. The Hot Ion Analyser (HIA) (R` eme et al., 2001), which
offers a good energy and angular resolution without mass
resolution, provides a full three-dimensional energy/velocity
distribution of ions (protons) from thermal energies up to
about 32keV/q, and moments also with a time resolution up
to 4s. The Flux Gate Magnetometer (FGM) (Balogh et al.,
2001) measures the 3-D magnetic ﬁeld vector. In this pa-
per, we use data at 4-s resolution. All these instruments are
similar on Cluster and Double Star, except for the PEACE
experiment, for which two sensors are installed on Cluster
but only one on Double Star (see Fazakerley et al., 2005). In
this study, we present energy spectrograms and moment data
(density, temperature and velocity components of the ions
and electrons) provided by the PEACE and the HIA experi-
ments on board Double Star and Cluster.
Finally, solar wind plasma and magnetic ﬁeld data were
obtained from the Solar Wind Experiment (SWE) and the
Magnetic Fields Investigation (MFI) of the Wind satellite.
3 Geometry of the conjunction and interplanetary con-
ditions
The trajectories of Double Star/TC-1 and Cluster/sc1 are pre-
sented in Fig. 1, in the XY and YZ GSM planes. The posi-
tion of a modelled magnetopause (Shue et al., 1997), plot-
ted, respectively, in the ZGSM=0 and XGSM=0 planes, is
also superimposed. This empiric model is parameterised
by the solar wind dynamic pressure and the Bz compo-
nent of the IMF. We have chosen averaged values on the
08:00–16:00 UT period of the solar wind pressure and of
the IMF-Bz component, deduced from the Wind satellite
data (PSW=1.4nPa and Bz=–1.6nT). Between 08:00 and
16:00 UT, TC-1 was located just southward of the equatorial
plane (ZGSM∼–3RE) and skimmed the dawnside magne-
topause around YGSM∼–12RE, travelling about 4RE, pre-
dominantly in the +XGSM direction. On the other hand,
thefourClusterspacecraftenteredthemagnetospherearound
10:30 UT, at high geographic latitudes in the Southern Hemi-
sphere and slightly downstream of the TC-1 position. Over
the next few hours, the four spacecraft penetrated deeper into
the magnetosphere, moving predominantly in the −YGSM di-
rection, at around XGSM∼–1RE and ZGSM∼–10RE.
The interplanetary conditions were monitored by the
Wind satellite, situated upstream, southward and dawnward
of the magnetosphere (XGSM=96RE, YGSM=–25RE, and
ZGSM=–19RE). For this study, the magnetic data have been
lagged by 23min, to take into account the propagation of
the solar wind from Wind’s position to the Earth’s magne-
tosphere (with a solar wind bulk speed of ∼480kms−1).
The IMF components in GSM, as well as the clock angle
(arctan[|By|/Bz]), are plotted in Fig. 2, between 07:00 and
16:00 UT. The interplanetary magnetic ﬁeld orientation was
variable until 11:00 UT and then became more stable. The
IMF-Bx component (panel 2a) was strongly positive at the
beginning of the period, but decreased from +6 to 0nT until
11:00 UT and then varied between ±2nT. Before 09:00 UT
andafter11:00UT,IMF-By (panel2b)wasnegativeandveryA. Marchaudon et al.: Double Star and Cluster FTEs observations 2879
Fig. 1. Trajectories of Cluster/sc1 and TC-1 for the period 08:00–16:00 UT, in GSM coordinates. (a) in the XY plane, (b) in the YZ plane.
Black crosses along the orbits are separated by 2h. A model of the magnetopause position (see text for details) is indicated in the ZGSM=0
plane, panel (a), and in the XGSM=0 plane, panel (b), by the dashed line.
stable at around –5nT. In between these times, By was more
variable between –2 and 0nT, with a strong positive excur-
sionat10:20–10:30UT.Before08:20UT,IMF-Bz (panel2c)
was slightly positive around +1nT, turned negative (∼–4nT)
between 08:20 UT and 11:00 UT and then varied between
+1 and –4nT until the end of the period. Despite all these
variations, the IMF clock angle (panel 2d) remained greater
than, or approximately equal to, 70◦, except some very short
excursions at around 07:30 and 08:15 UT. On the other hand,
the plasma parameters of the solar wind were very stable dur-
ing the entire period, with a steady solar wind dynamic pres-
sure of ∼1.4nPa (not shown).
4 Observations
4.1 TC-1 observations
a) Overview of the data
For the period 08:00–16:00 UT, data from the TC-1 satellite
are presented in Fig. 3, together with the Wind IMF clock
angle, for ease of comparison (top panel a). Panels (b, c) and
(d) show energy ﬂux spectrograms provided by the PEACE
instrument, for electrons moving in the directions parallel,
perpendicular and anti-parallel to the local magnetic ﬁeld, re-
spectively. Panel (e) shows the omnidirectional energy ﬂux
ion spectrogram provided by the HIA instrument. Panels (f)
and (g) display the electron density and temperature with 8s
resolution. Finally, panels (h–k) give the 3 components of the
FGM magnetic ﬁeld transformed in the L, M, N coordinate
frame (Russell and Elphic, 1978) and its magnitude. In this
frame, the BN component is normal to the magnetopause, the
BL component lies in the magnetopause plane and is parallel
Fig. 2. Wind IMF data in GSM coordinates, lagged with 23min,
for the period 07:00–16:00 UT. Panels (a), (b), (c) show the Bx, By
and Bz components of the IMF and panel (d) shows the IMF clock
angle.
to the projection of the +ZGSM axis on that plane. Finally,
the BM component completes a right-hand set. In the case
of TC-1, several magnetopause crossings were observed be-
tween 08:00 and 16:00 UT. The magnetopause normals at2880 A. Marchaudon et al.: Double Star and Cluster FTEs observations
Fig. 3. Wind and Double Star TC-1 data for the period 08:00–16:00 UT. (a) IMF clock angle obtained from the Wind data and lagged
with 23min, (b) to (d) PEACE electron spectrograms in the parallel, perpendicular and anti-parallel directions, (e) HIA omnidirectional ion
spectrogram, (f) PEACE electron density, (g) PEACE electron temperature, (h) to (k) BL, BM, BN components and ﬁeld magnitude of the
FGM magnetic ﬁeld.
each crossing were quite similar throughout the period and
the ratios between intermediate and minimum eigenvalues
were relatively high (∼5). To select a representative L, M,
N frame, we chose the normal from the 10:05 UT magne-
topause crossing.
Throughout the period, TC-1 skimmed the dawnward
magnetopause essentially on the magnetospheric side, but
made two magnetosheath incursions between 08:50 and
10:05 UT and between 13:55 and 14:55 UT, characterised
by dramatic changes in the plasma properties and very clear
magnetic ﬁeld rotations, typical of magnetopause crossings.
Inside the magnetosphere, the plasma was hot and tenuous
(panels 3b–e). The magnetic ﬁeld was essentially pointing
northward (BL>0) and, as TC-1 progressed sunward on its
orbit, the magnetic ﬁeld direction became more sunward
(BM<0) (panels 3i and j). The magnetospheric plasma
velocity was very low, but slightly sunward (not shown). In
the magnetosheath, the plasma was cold and dense, and the
magnetic ﬁeld was directed southward (BL<0) and tailward
(BM>0), consistent with a negative IMF-By draped around
the magnetosphere and a mainly negative IMF-Bz during
these periods. The magnetosheath velocity (not shown)
was typically directed tailward, dawnward and southward
(∼250kms−1). During the overall period between 08:00 and
16:00 UT, TC-1 observed clear signatures of reconnection,
described in the paragraph below, except between 10:55 and
12:05 UT, when TC-1 appeared to move slightly deeper into
the magnetosphere and was therefore not well located to
observe reconnection activity on the magnetopause.
b) Detailed description of the reconnection signatures
Typical reconnection signatures were observed by TC-1,
both in the magnetosphere and in the magnetosheath sides.
The signatures were clearer in the magnetosphere, but
showed the same properties in the two regions. A major-
ity of the observed structures were characterised by a mixing
of magnetospheric and magnetosheath plasma (panels 3b–
e), ﬁeld-aligned streaming of electrons (panels 3b and d), an
increase (decrease) in the electron density and a decrease
(increase) in the electron temperature (panels 3f and g),
with respect to magnetospheric (magnetosheath) values. The
observed structures were also characterised by an increase
in the BL magnetic ﬁeld component (panel 3j) and in theA. Marchaudon et al.: Double Star and Cluster FTEs observations 2881
magnetic ﬁeld magnitude (panel 3k), by a decrease of the
BM component (panel 3i), and more signiﬁcantly, by a “re-
verse” bipolar signature of the BN component (a negative,
followed by a positive excursion) (panel 3h).
The four top panels of Fig. 4 show an expansion of the TC-
1 data, when the spacecraft was located in the magnetosphere
(12:10–12:40 UT). Panel (a) shows the PEACE electron den-
sity, panels (b) and (c) show, respectively, the BN and the
magnitude of the FGM magnetic ﬁeld, and panel (d) shows
the 3 components of the CIS-HIA ion velocity, in GSM coor-
dinates. This expansion clearly highlights the features of the
reconnection signatures: an increase in the electron density
(panel 4a), “reverse” bipolar signature of the BN magnetic
ﬁeld component (panel 4b) and increase of the total mag-
netic ﬁeld (panel 4c). In the magnetosphere, the velocity was
low and slightly sunward. Inside the reconnected structures,
the ion velocity turned to the same direction as the magne-
tosheath velocity (tailward, dawnward and southward), but
to an amplitude higher than that in the contiguous magne-
tosheath (panel 4d). All these signatures are typical of FTE
structures (Russell and Elphic, 1978; Paschmann et al., 1982;
Berchem and Russell, 1984; Farrugia et al., 1988) and will be
discussed in more detail in Sect. 5. The signatures of recon-
nection (as described above) remained similar throughout the
8h, in which TC-1 skimmed the magnetopause.
4.2 Cluster data
a) Overview of the data
The Cluster/spacecraft 4 (sc4) data are presented in Fig. 5
for the period 07:30–14:00 UT. For convenience, panel (a)
again shows the Wind IMF clock angle for this period. We
chose sc4, because this is the only spacecraft for which the
PEACE experiment was switched on before 09:30 UT and
the full 3-D electron distribution was available with a 16-s
resolution, enabling calculation of ground moments at this
resolution. Panels (b–d) show electron spectrograms in the
parallel, perpendicular and anti-parallel directions. Panel (e)
gives the electron density in a logarithmic scale to highlight
the density variations in the boundary layer. Panels (f–h)
show the three components of the magnetic ﬁeld in the L,
M, N system. As no clear magnetopause crossing was ob-
served in the magnetic data, in order to deﬁne the L, M,
N frame, we chose a magnetopause normal deduced from
the Roelof and Sibeck (1993) model at the Cluster position,
where the magnetopause crossing was detected in the plasma
data (10:30 UT). Finally, panel (i) shows the magnitude of
the magnetic ﬁeld for all four spacecraft (sc1 in black, sc2 in
red, sc3 in green and sc4 in blue), which can be used to dis-
criminate between the spatial and temporal variations. Dur-
ing the entire period 07:30–14:00 UT, the four Cluster space-
craft were in an approximately co-linear formation, with sc1,
sc4 and sc2 leading and sc3 trailing with a slight delay. The
spacecraftwerealignedessentiallyalongtheYGSM direction,
with a separation of ∼6000km between the leading and the
trailing spacecraft (sc1 and sc3, respectively).
Fig. 4. Zoom in of the TC-1 (four top panels) and Cluster (sc1
and sc4) (four bottom panels) data, for the 12:10–12:40 UT. The
data sets are identical for TC-1 and Cluster. Panel (a) shows the
PEACE/TC-1 electron density, panels (b) and (c) show, respec-
tively, the BN component and the magnitude of the FGM/TC-1
magnetic ﬁeld and panel (d) shows the 3 components of the CIS-
HIA/TC-1 ion velocity, in GSM coordinates. Panel (e) shows the
PEACE/sc4 electron density, panels (f) and (g) show, respectively,
the BN and the magnitude of the FGM/sc4 magnetic ﬁeld and
panel (h) shows the 3 components of the CIS-HIA/sc1 ion veloc-
ity, in GSM coordinates.
Before 10:30 UT at sc1 and sc4 and before 11:00 UT at
sc2 and sc3, the variations of the By and Bz magnetic ﬁeld
components measured by the FGM experiment were nearly
identical to the variations of the By and Bz components
of the IMF measured by the Wind satellite. This suggests
that the Cluster spacecraft were within the magnetosheath
at these times, as supported by the magnetosheath-like
plasma observed by PEACE (panels 5b–d). The Cluster
spacecraft then successively entered the Southern Hemi-
sphere dawnside magnetosphere, in the order 1-4-2-3.
The magnetopause crossing for each spacecraft was very
clearly identiﬁed by the plasma changes, at 10:30 UT for
sc1 and sc4 (panels 5b–d) and at 11:00 UT for sc2 and
sc3. Unfortunately, the magnetic rotation observed by each
spacecraft during the magnetopause crossing was identical
to the IMF-By variation. A possible explanation for this lack
of clear magnetic ﬁeld rotation during the magnetopause2882 A. Marchaudon et al.: Double Star and Cluster FTEs observations
Fig. 5. Wind and Cluster data for the period 07:30–14:00 UT. (a) IMF clock angle obtained from the Wind data and lagged
with 23min, (b) to (d) PEACE/sc4 electron spectrograms in the parallel, perpendicular and anti-parallel directions (ﬂux below
2.4×10−6 ergscm−2s−1sr−1eV−1 has been removed), with the EFW spacecraft potential superimposed (e) PEACE/sc4 electron density
plotted with a logarithmic scale, (f) to (h) BL, BM, BN components of the FGM/sc4 magnetic ﬁeld (i) FGM magnetic ﬁeld magnitude for
the four spacecraft (sc1-black, sc2-red, sc3-green, sc4-blue).
crossing itself could be explained by the relatively low shear
between the magnetosheath and magnetospheric ﬁelds in this
ﬂank region and/or by the IMF variations hiding the mag-
netopause magnetic ﬁeld rotation. After 10:30–11:00 UT,
the four Cluster spacecraft skimmed the inner side of the
magnetopause, remaining in the southern High-Latitude
Boundary Layer (HLBL), characterised by a more tenuous
plasma than in the magnetosheath (panels 5b–d). At about
14:00 UT, they ﬁnally entered the lobe proper. Throughout
the time interval, between 07:30 UT and 14:00 UT, the
PEACE instruments on board Cluster detected numerous
bursty signatures of ﬁeld-aligned electron injections. After
09:20 UT, these plasma observations were clearly associated
with bipolar signatures in the normal magnetic ﬁeld BN
component recorded by FGM.
b) Detailed description of the injection signatures
In the dawnside Southern Hemisphere magnetosheath
(07:30–10:30 UT), PEACE/sc4 observed a cold, dense and
quasi-isotropic plasma (panels 5.b–d). Again, signatures
of reconnection were evidenced by the electron data and
changed gradually when Cluster approached the magneto-
sphere. Between 07:30 and 08:00 UT, the electron injections
were characterised by a highly anisotropic magnetosheath-
like plasma, heated in the parallel direction (up to 1keV),
with respect to the surrounding plasma (panel 5b). During
this ﬁrst period, no clear magnetic signatures could be as-
sociated with these plasma injections. No signatures were
observed between 08:00 and 08:20 UT. Between 08:20 and
10:30 UT, the detected plasma injections were a mixture of
high-energy, omnidirectional plasma of magnetospheric ori-
gin (up to 10keV) and low-energy plasma of magnetosheath
origin (panels 5b–d). However, clear associated magnetic
signatures were not evident, except for some “reverse” bipo-
lar signatures in the BN component. These BN signatures
were not accompanied by an observable increase in the mag-
netic ﬁeld magnitude.
In the magnetosphere (10:30–14:00 UT), electron injec-
tionswerestillobserved, alongwiththemoretenuousbound-
ary layer plasma. These injections were characterized by a
mixture of high-energy, omnidirectional plasma and, now,A. Marchaudon et al.: Double Star and Cluster FTEs observations 2883
of low-energy plasma, mainly bi-directionally ﬁeld-aligned,
slightly heated with respect to the magnetosheath plasma (up
to ∼1keV), and by a slight increase in the electron density
(panels 5b–e). After 10:30 UT, the Cluster spacecraft entered
more deeply into the magnetosphere and an almost continu-
ous increase in the magnetic ﬁeld strength was clearly ob-
served until 14:00 UT (panel 5i), even on the BN component
(panel 5f). However, it is worth noticing that clear “reverse”
bipolar signatures in the BN component relative to its back-
ground value were observed (panel 5f).
Returning to Fig. 4, the four bottom panels show an
expansion of the Cluster (sc1 and sc4) data, for the same
period as TC-1 (12:10–12:40 UT). Again, panel (e) shows
the PEACE/sc4 electron density, panels (f) and (g) show,
respectively, the BN component and the magnitude of the
FGM/sc4 magnetic ﬁeld and panel (h) shows the 3 compo-
nents of the CIS-HIA/sc1 ion velocity, in GSM coordinates.
Once again, this expansion displays clearly the signatures of
the injections: “reverse” BN bipolar signatures (panel 4f) as-
sociated with decreases in the total magnetic ﬁeld (panel 4g)
and increases in the electron density (panels 4e). Finally,
the ion velocity ﬂow, which was mainly directed tailward,
dawnward and southward in the HLBL, turned northward
inside some of these injections, as evidenced by a slight
reversal of the Vz component (panel 4h). As for TC-1,
we conclude that all these signatures are typical of FTE
structures.
c) Multi-spacecraft observations
Inside the magnetosphere, all of the injections were observed
by all four spacecraft and the order of entry (exit) into (from)
each injection tube was the same throughout the period, i.e.
3-2-4-1. Therefore, the injection signatures observed by the
four spacecraft were convective and not nested (see panel 5i).
Due to the linear geometrical conﬁguration of the spacecraft
tetrahedron, it was not possible to determine precisely the
direction of motion and the phase velocity of the injection
tubes (Dunlop et al., 2002). However, knowing the timing
and the order of entry into the injections tubes, we can infer
one component of the direction of motion. As the ZGSM po-
sitions of all the spacecraft were very similar, a large uncer-
tainty exists about the FTE motion (direction, velocity) in the
ZGSM direction. On the other hand, we can deduce the direc-
tion of displacement in the XYGSM plane, which was mainly
tailward/duskward. The component of the velocity along the
spacecraft line for the different FTEs varied between 50 and
100kms−1.
5 Discussion
5.1 Interplanetary context of the TC-1 and Cluster observa-
tions and location of the reconnection site
In this subsection, we try to relate the evolution of plasma
properties observed by Cluster and TC-1 over an extended
period of ∼8.5h near the dawnward magnetopause, with
the changes in the interplanetary magnetic ﬁeld orientation
observed by Wind.
a) Period 07:30–08:00 UT
Between 07:30 and 08:00 UT, Cluster, located in the mag-
netosheath, observed four injections without high-energy
magnetospheric plasma. Only magnetosheath electrons
accelerated in the parallel direction were observed. A ﬁrst
explanation of these observations could be that these injec-
tions came from a reconnection site located on open ﬁeld
lines that were without magnetospheric plasma. In the par-
allel direction the magnetosheath plasma would then escape
from the dawn southern lobe, after having been mirrored and
after interaction with the reconnection site. However, before
08:20 UT, the IMF-Bz component was 0 or slightly positive
and the IMF-By was negative (panels b and c of Fig. 2).
For this IMF orientation, reconnection was more likely to
take place at the duskside high-latitude magnetopause in
the Southern Hemisphere. In order to observe reconnection
signatures at Cluster, a long component reconnection line,
extending from dusk to dawn along the southern lobe
magnetopause, would be necessary. We have veriﬁed as to
whether this reconnection geometry is possible by calcu-
lating the magnetic shear between the magnetosheath and
magnetospheric ﬁeld directions at the Cluster position. This
shear is about 65◦; such a reconnection geometry is possible,
according to Phan et al. (1996). A second explanation
would be that these injections came from a low-latitude
reconnection site; the associated ﬁeld lines would have
been open for a long time, so that all the magnetospheric
plasma would have already escaped. The IMF clock angle,
which was highly variable before 08:20 UT, was above 70◦
during these four reconnection signatures, consistent with a
reconnection site located on the low-latitude magnetopause.
After 08:20 UT, Cluster started to observe reconnected ﬂux
tubes containing magnetospheric plasma.
b) Period 08:00–16:00 UT
Despite a number of IMF variations, TC-1 observed re-
connection signatures (FTEs) with similar characteristics
throughout the entire period. Between 08:20 and 16:00 UT,
the IMF-By remained negative and relatively strong (except
between 09:00 and 11:00 UT), favouring anti-parallel merg-
ing at a reconnection site located in the Northern Hemi-
sphere, onthedawnﬂankof themagnetosphere. Ontheother
hand, the IMF-Bz was quite variable, oscillating between –4
and +1nT. In particular, between 08:20 and 11:00 UT the Bz
component was negative, and between 11:00 and 13:00 UT,
the Bz was slightly positive. Under these circumstances, the
anti-parallel merging model would suggest that the recon-
nection site changed from a low-latitude site, where magne-
tosheath and closed magnetospheric ﬁeld lines reconnect, to
a high-latitude site, where magnetosheath and open lobe ﬁeld
lines may reconnect.
The observed FTEs signatures remained very similar be-
tween 08:00 and 16:00 UT for TC-1 and between 08:20 and2884 A. Marchaudon et al.: Double Star and Cluster FTEs observations
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Fig. 6. Sketch in a meridian plane of the magnetosphere (Sun on
the right of the ﬁgure). The reconnection site located at low latitude
(X-site), as suggested in the Discussion, is represented by a blue
cross. The approximate positions at ∼10:00 UT of Cluster-1 and
TC-1 are also indicated by pink and green dots.
14:00 UT for Cluster. The detection of high-energy mag-
netospheric plasma mixed with low-energy magnetosheath
plasma strongly suggests that reconnection was still occur-
ring between the magnetosheath and closed magnetospheric
ﬁeld lines. The similar “reverse” FTE bipolar signatures ob-
served by Cluster and TC-1 imply that the reconnected ﬂux
tubes were moving southward from a common reconnection
site (Rijnbeek and al., 1982). The ﬂow acceleration inside
the TC-1 ﬂux tubes was in the same direction throughout
the period 08:00–16:00 UT (tailward, southward and dawn-
ward). Although the ﬂow acceleration inside the injections
observed by Cluster was not very clear, the order of entry
of the four spacecraft inside each of the injections remained
identical. Theseresultssuggestedthatthegeometryofthere-
connectionwasrelativelystablethroughouttheperiod, witha
single reconnection line probably located on the dawn ﬂank
of the magnetosphere and northward of both spacecraft, in
agreement with expectations based on the negative IMF-By
orientation. A schematic of the magnetosphere seen from
dawnwiththepositionofthereconnectionsiteispresentedin
Fig. 6. The small turnings of the IMF-Bz component did not
seem to signiﬁcantly affect the location of the reconnection
region, as might be expected on the basis of the anti-parallel
merging model described above. If the reconnection site had
changed from closed ﬁeld lines to open lobe ﬁeld lines, TC-1
should have stopped observing high-energy plasma of mag-
netospheric origin in the FTEs. Moreover, Cluster, located at
ZGSM∼–10RE in the Southern Hemisphere of the magneto-
sphere (after 10:30 UT), would not be able to connect with
northern lobe reconnected ﬂux tubes and would stop detect-
ing associated FTEs.
Freeman et al. (1993) and Senior et al. (2002) showed
that dayside reconnection is not controlled simply by the
IMF-Bz, but rather by the IMF clock angle. These authors
concluded that dayside reconnection occurs when the clock
angle is as low as ∼70◦. Phan et al. (1996) and Sandholt
et al. (1998) have even suggested a lower value of ∼45◦
for this clock angle transition. Our results are in good
agreement with these previous studies, since FTEs were
always observed when the IMF clock angle was ≥70◦,
irrespective of the IMF-Bz orientation. In summary, from
our observations, it can be inferred that the reconnection
site remained relatively stable in position and operated on
closed ﬁeld lines of the dawn ﬂank of the magnetosphere
between 08:00 and 16:00 UT (and maybe even during the
07:30–08:00 UT period), because the clock angle remained
greater than 70◦. This is a direct demonstration that the
reconnection line can be stable in position for periods of at
least 8 hours, despite variable IMF conditions.
c) Disappearance of the FTEs signatures at TC-1 (10:55–
12:05 UT)
Between 10:55 and 12:05 UT, the TC-1 reconnection sig-
natures almost disappeared. However, some very faint sig-
natures in the ion and electron spectrograms (panels b–e of
Fig. 3), in the electron temperature and density (panels f
and g of Fig. 3) were still observed. Moreover, the transi-
tion parameter τ (Hapgood and Bryant, 1990), applied to the
TC-1 electron data, indicated that the spacecraft was located
deeper inside the boundary layer during this period (τ>60),
closer to the magnetosphere proper. During this period, the
IMF-Bz turned slightly positive and the solar wind pressure
decreasedslightly. Wesuggesttwodifferentpossibilities(not
necessarily incompatible) that could explain the disappear-
ance of the reconnection signatures. First, a small inﬂation
of the magnetosphere due to the decrease in the solar wind
pressure moved TC-1 further inside the boundary layer of
the magnetosphere, where the reconnection signatures may
be harder to observe. Second, a decrease in the reconnection
rate after the IMF-Bz turned slightly positive implies a nar-
rower reconnection boundary layer on the magnetopause, as
well as a small inﬂation in the magnetosphere due to a de-
crease of magnetopause erosion. However, the complete in-
terruption of reconnection is unlikely, as faint reconnection
signatures were detected during this period and because re-
connection signatures were still observed between 12:00 UT
and ∼14:00 UT, despite IMF-Bz orientation changes. More-
over, between at least 08:20 and 14:30 UT, Cluster also ob-
served injections due to reconnection on closed ﬁeld lines
(mixing of high-energy magnetospheric plasma and low-
energy magnetosheath plasma) conﬁrming the existence of
a reconnection site at low latitude.A. Marchaudon et al.: Double Star and Cluster FTEs observations 2885
5.2 Sporadic nature of the reconnection
As described in Sect. 4.1b, all the properties of the recon-
nection signatures observed by TC-1 were in agreement with
previous observations of FTEs. We attribute all these events
to a reconnection process acting in the dawn side of the mag-
netosphere, i.e. near the TC-1 location. Moreover, the in-
creaseinthetotalionvelocityobservedinsidetheFTEstubes
(paneldofFig.4), higherthanthemagnetosheathﬂowveloc-
ity (by an amount of about the Alfv´ en velocity, VA), demon-
strates that plasma acceleration was acting at the reconnec-
tion site.
At Cluster altitudes, all the properties of the injections (as
described in Sect. 4.2b) were also in agreement with the ob-
servation of FTEs. Inside some of the injections, a reversal
of the north-south component of the velocity was observed
(from southward in the HLBL to northward inside the injec-
tions) (panel h of Fig. 4), in agreement with plasma precip-
itating along the ﬁeld lines in the direction of the southern
ionosphere. On the other hand, inside the magnetosphere
(10:30 to 14:00 UT), each plasma injection was associated
with a decrease in the total magnetic ﬁeld, instead of an in-
crease generally seen on the magnetopause. This result was
probably due to the diamagnetic effect inside the magneto-
sphere (e.g. Bosqued et al., 2005). The convective signatures
(panel i of Fig. 5) observed by the four spacecraft can only
be explained by a drift motion of ﬂux tubes inside the mag-
netosphere and not by incursions into the magnetosheath due
to a back and forth motion of the magnetopause. Moreover,
the direction of convection (tailward, southward and dawn-
ward) deduced from the four-spacecraft magnetic ﬁeld mea-
surements was in agreement with ﬂux tubes being dragged
tailward along the magnetopause, under the action both of
the magnetic tension forces at the reconnection site and the
continuous magnetosheath ﬂow.
As the Cluster spacecraft were aligned, it was not possi-
ble to determine a transverse size of the ﬂux tubes from the
multi-spacecraft measurements. However, by a single space-
craft method, we estimated this size by multiplying the ion
velocity perpendicular to the magnetic ﬁeld (convection ve-
locity) by the time during which the spacecraft remained in
the structure. We applied this method to 10 FTEs observed
by TC-1 and another 10 observed by Cluster/sc4. The per-
pendicular velocity inside the FTEs varied between 50 and
200kms−1 and the length of time the spacecraft remained
in the structure varied between 1 and 4min. The transverse
sizes were therefore between 0.7 and 3.8RE, indicating ﬂux
tubes of a ﬁnite and relatively small size, in agreement with
previous work (Russell and Elphic, 1978; Saunders et al.,
1984).
In summary, the Cluster and TC-1 observations strongly
support the sporadic nature of the reconnection process,
forming reconnected ﬂux tubes of ﬁnite size (FTEs) and oc-
curring throughout this long period (08:00–16:00 UT).
5.3 Comparison of observations between Cluster and Dou-
ble Star
The FTEs observed by Cluster and TC-1 were ﬁlled by a
mixture of magnetospheric and magnetosheath plasma, even
when observed by Cluster far inside the magnetosphere.
Consequently, we suggest that these ﬂux tubes were newly-
reconnected and had probably not convected too far between
the location of the reconnection site and the spacecraft po-
sitions. As Cluster and TC-1 were separated by ∼2h in
MLT but observed simultaneously very newly-reconnected
ﬂux tubes, the reconnection line had to be extended by at
least 2h in MLT. On the other hand, no clear one-to-one cor-
relation (even using a ﬁnite delay) was observed between the
successive FTEs detected by Cluster and by TC-1, as seen
in Fig. 4. This result could be due to the unknown convec-
tion time of the reconnected ﬂux tubes between the recon-
nection site and Cluster, and between the reconnection site
and TC-1, which introduces an ambiguity and makes the ob-
servations hard to compare. Some alternative explanations
are described below. First, the reconnection rate may not be
uniform along the length of the reconnection line. Cluster
and TC-1 could then observe ﬂux tubes coming from differ-
ent parts of the reconnection line. Second, TC-1, being close
to the reconnection line, may observe all the freshly recon-
nected ﬂux tubes, even if their directions of motion change
due to the IMF variations. As Cluster is further from the re-
connection line, the changes in direction in the ﬂux tube mo-
tion would be more signiﬁcant and Cluster could miss more
of the FTE signatures. Finally, several reconnection lines
could co-exist on the dawnside ﬂank (Berchem et al., 1995).
Cluster and TC-1 could then observe FTEs coming from dif-
ferent reconnection lines. The fact that the recurrence pe-
riod was shorter at TC-1 than at Cluster (4min against 8min)
could support these different ideas. All of these points will
be addressed in a future study.
6 Conclusions
On 8 May 2004, between 08:00 and 16:00 UT, the TC-1 and
Clusterspacecraftwerelocatedatlow-andhigh-latitudes, re-
spectively, on the southern dawn ﬂank of the magnetosphere.
Both spacecraft observed clear and successive FTE signa-
tures, with “reverse” bipolar signatures of the magnetic ﬁeld
normal component and with a repetition rate of 4 (TC-1) to
8 (Cluster) minutes. These conjugate observations suggest
that reconnection was occurring at a reconnection site lo-
cated northward of both TC-1 and Cluster. Despite variable
IMF conditions (particularly changes in the IMF-Bz orien-
tation), the reconnection site was relatively stable in loca-
tion throughout the period and remained on closed magneto-
spheric ﬁeld lines, presumably as the IMF clock angle was
always ≥70◦.
The very clear signatures and the ﬁnite transverse sizes
of the FTEs, observed both by TC-1 and Cluster, suggest the
sporadic nature of the reconnection process, even for a period2886 A. Marchaudon et al.: Double Star and Cluster FTEs observations
as long as ∼8h. The simultaneity of the FTE observations
by TC-1 and Cluster implies that the reconnection line was
extended over at least 2h in MLT. However, no one-to-one
correlation was observed between the FTEs seen by Cluster
and by TC-1.
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